A B S T R A C T Free-flow and stop-flow intratubular pressures were measured in rats with an improved Gertz technique using Landis micropipets or a Kulite microtransducer. In hydropenia, average single nephron glomerular filtration rate was 29.3 nl/min, glomerular hydrostatic pressure (stop-flow pressure + plasma colloid osmotic pressure) was 70 cm H20 and mean glomerular effective filtration pressure was 12.7-14.3 cm H20, approaching zero at the efferent end of the glomerulus. Thus, the glomerulus is extremely permeable, having a filtration coefficient four to five times greater than previously estimated. Mean effective filtration pressure and single nephron glomerular filtartion rate fell with elevated ureteral pressure and rose with volume expansion, more or less proportionately. Changes in effective filtration pressure were due primarily to increased intratubular pressure in ureteral obstruction and to reduced plasma colloid osmotic pressure in volume expansion; glomerular hydrostatic pressure remained constant in both conditions and thus played no role in regulation of filtration rate.
INTRODUCTION
The driving force for glomerular filtration is the balance of hydrostatic and oncotic pressures acting across the glomerular membrane. The exact value of these forces is not known due to inaccessibility of the glomerulus. Gertz, Mangos, Braun, and Pagel (1) suggested that glomerular hydrostatic presure (PG)1 could be estimated from intratubular pressure in nephrons in which filtration was stopped by an oil block; PG was assumed to be the sum of the stop-flow pressure (SFP) and arterial oncotic pressure. Gertz estimated net effective filtration pressure (EFP) as the difference between SFP and free-flow intratubular pressure (ITP). Unfortunately, SFP obtained with this method has ranged between 85.7 cm H20 (1) and 35 cm H20 (2) . Moreover, the calculation of EFP by Gertz et al. (1, 3) is incorrect in that it does not account for the rise in glomerular oncotic pressure owing to continuous filtration during free flow (4) .
In the present studies we found that an important artifact may arise during the measurement of SFP as a result of repeated injections of small amounts of saline into the blocked tubule through the pressure-measuring pipet. Consequently, we have refined the method to avoid this source of error. In addition, in calculating the EFP, we have taken into account the rise in protein concentration that occurs within the glomerulus as a result of filtration. Finally, the relation between the various glomerular Starling forces and single nephron glomerular filtration rate (SNGFR) was examined in rats during hy1Abbreviations used in this paper: EFP effective filtration pressure; FF, filtration fraction; GFR, total kidney filtration rate; ITP, intratubular pressure; PG, glomerular hydrostatic pressure; 7r., oncotic pressure in the afferent arteriole; 7re, oncotic pressure in the efferent arteriole; RBF, renal blood flow; SFP, stop-flow pressure; SNGFR, single nephron glomerular filtration rate.
2230
The Journal of Clinical Investigation Volume 50 1971 dropenia, elevated ureteral pressure, and acute volume expansion with isotonic saline.
METHODS
Sprague-Dawley rats, anesthetized with Inactin (100 mg/ kg), were prepared for micropuncture (5) . In rats studied during elevated ureteral pressure (group I), a catheter in the left ureter was raised to 25 cm above the kidney. Bicarbonate-saline was infused at 0.02 ml/min during hydropenic control periods and during elevated ureteral pressure. Animals undergoing saline diuresis received bicarbonatesaline at the following rates:
Group II, mild volume expansion. 10%o of body weight over a period of 45 min, then at a rate equal to urine flow (0.1-0.2 ml/min).
Group III, massive volume expansion. 0.4 ml/min throughout the experimental period. 60 min were allowed for equilibration before starting micropuncture collections or pressure measurements.
Total kidney filtration rate (GFR) and SNGFR were measured as previously described (5) (7) . SFP was measured in tubules blocked with castor oil (1) . Initially, with the Landis technique, we observed that tubular fluid was forced into the lissamine green-filled pipet while the tubule was being filled with oil. When this tubular fluid was ejected back into the oil-blocked tubule in order for the dye to be visible at the pipet tip, SFP was artifactually elevated by several centimeters H20. This source of error could be avoided by maintaining slight positive pressure in the Landis pipet while filling the tubule with oil so that tubular fluid did not enter the pipet tip.
When this precaution was observed, values of SFP obtained with the Landis technique were almost identical with those obtained with the Kulite microtransducer: 42.6 and 44.4 cm H20 in two groups of hydropenic rats (Table I , groups I and II) with the Landis technique and 44.8 cm H20 (Table  I , group III) with the Kulite microtransducer. When SFP was measured by both methods in the same animal, the difference between the mean values obtained with each method was 0.8 cm H20 (n = 12).
PG was calculated as PG = SFP +7r ; where 7ra is the oncotic pressure in the afferent arteriole calculated from the arterial plasma protein concentration by the Landis-Pappenheimer equation (4) . EFP at the afferent end of the glomerulus was calculated as Aff EFP = PG -7ra -ITP. EFP at the efferent end of the glomerulus was calculated as Eff EFP = PG -7re -ITP, where ire is the oncotic pressure in the efferent arteriole calculated from the plasma protein concentration in the efferent arteriole; the latter was obtained from the equation [Prot]aff/i-FF (8) . Glomerular EFP was calculated as EFP = P -7rG-ITP, where IrG is the mean glomerular oncotic pressure (ia-re)/2. Table I. Hydropenia. There was close agreement in the three hydropenic control groups. The slight differences observed might be related to the fact that rats in groups I and II weighed 180-222 g, while those in group III weighed 250-300 g. In all groups, ITP was approximately 20 cm H20 and PG was approximately 70 cm H20. EFP at the afferent end of the glomerulus was approximately 25 cm H20 and at the efferent end of the glomerulus was very close to zero, ranging from 1.6 to 2.9 cm H20. Mean As a consequence of the lower PG than previously suspected, the mean EFP is also lower, ranging from 12.7 to 14.3 cm H20. One of the most unexpected features of the present studies was the finding that EFP was nearly zero at the efferent end of the glomerulus, indicating that glomerular filtration was approaching an equilibrium state. These findings indicate that the glomerulus is extremely permeable, having a filtration coefficient four to five times greater than that previously estimated.
RESULTS

Results are summarized in
Gertz et al. (3) suggested that the glomerular filtration coefficient was not constant, but instead changed in different physiologic conditions. They found that during saline diuresis, the rise in SNGFR was greater than the calculated rise in EFP, suggesting a significant increase in glomerular permeability. In our studies, how2Recent studies by Blantz et al. in our laboratory using mutant Wistar rats (generously supplied by Dr. K. Thurau and Dr. J. Boylan) and a servo-null micropressure transducer have shown that PG measured by direct puncture of six glomeruli averaged 70 cm H20, agreeing with the values obtained indirectly by SFP measurements. PG in these rats did not change in saline diuresis. ever, changes in SNGFR and EFP are approximately proportional (Fig. 1) In ureteral obstruction the fall in mean glomerular EFP was due primarily to the rise in ITP, although the effect of this rise in ITP was somewhat blunted by the fall in FF and consequent reduction in mean glomerular oncotic pressure. Despite increased blood flow, filtration still tended to approach equilibrium; efferent EFP was only 3.5 cm H20.
In both mild and massive saline diuresis, the rise in mean glomerular EFP was entirely attributable to the dilution of plasma proteins, the fall in FF contributed only a minor effect8 and PG remained constant. In con-8 One possible error might arise from the calculation of efferent EFP on the basis of whole kidney FF. The calculations are probably valid in hydropenia since Brenner and trast to both hydropenia and partial ureteral obstruction, filtration did not approach equilibrium at the efferent end of the glomerulus; efferent EFP was 17.5 cm H20 in mild volume expansion and 23.1 cm H20 in massive volume expansion. Although the RBF was significantly higher during volume expansion, failure of filtration to reach equilibrium was probably not related to faster transit through the glomerulus, but more likely to the fact that oncotic pressure is an exponential function of plasma protein concentation (4) . For this reason a FF of 0.3 would produce much less rise in glomerular oncotic pressure when entering protein concentration is 3.5 g/100 ml than when it is 5.8 g/100 ml.
The fact that filtration approaches equilibrium at the efferent end of the glomerulus in hydropenia but not in saline diuresis has important implications concerning the possible mediation of glomerulotubular balance by postglomerular oncotic forces (19, 20) . Because of the relatively high plasma protein concentration during hydropenia, changes in GFR induced by altering renal perfusion pressure will result in marked changes in the oncotic pressure of blood issuing from the glomerulus into peritubular capillaries, whereas similar changes in GFR during saline diuresis and a lower plasma protein concentration will produce only minor changes in postglomerular oncotic pressure. This might serve to explain why proximal glomerulotubular balance is precisely maintained in hydropenia and only partially maintained during saline diuresis (21) .
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